Receptor-interacting protein (RIP) kinases promote the induction of necrotic cell death pathways. Here we investigated signaling pathways in outer hair cells (OHCs) of adult male CBA/J mice exposed to noise that causes permanent threshold shifts, with a particular focus on RIP kinase-regulated necroptosis. One hour after noise exposure, nuclei of OHCs in the basal region of the cochlea displayed both apoptotic and necrotic features. RIP1 and RIP3 protein levels increased and caspase-8 was activated. Treatment with pan-caspase inhibitor ZVAD blocked the activation of caspase-8 and reduced the number of apoptotic nuclei, while increasing levels of RIP1, RIP3, and necrotic OHCs. Conversely, treatment with necrosis inhibitor necrostatin-1 (Nec-1) or RIP3 siRNA (siRIP3) diminished noise-induced increases in RIP1 and RIP3, and decreased necrotic OHC nuclei. This treatment also increased the number of apoptotic nuclei without increasing activation of caspase-8. Consistent with the elevation of levels of RIP1 and RIP3, noise-induced active AMPKa levels increased with ZVAD treatment, but decreased with Nec-1 and siRIP3 treatment. Furthermore, treatment with siRIP3 did not alter the activation of caspase-8, but instead increased activation of caspase-9 and promoted endonuclease G translocation into OHC nuclei. Finally, auditory brainstem response functional measurements and morphological assessment of OHCs showed that ZVAD treatment reduces noise-induced deficits. This protective function is potentiated when combined with siRIP3 treatment. In conclusion, noise-induced OHC apoptosis and necrosis are modulated by caspases and RIP kinases, respectively. Inhibition of either pathway shifts the prevalence of OHC death to the alternative pathway. The receptor-interacting protein 1 (RIP1) and RIP3 kinases can mediate the initiation of necrotic cell death pathways via physical and functional interactions.
In response to death receptor stimulation, caspase-8 is activated through a cleavage step, and subsequently inactivates RIP1. 6 This process leads to apoptosis and can be prevented by caspase inhibition. 7 Alternatively, RIP1 can be activated directly by interacting with RIP3 through the RIP homotypic interaction motif. This leads to cellular ATP depletion and necrotic cell death. [8] [9] [10] [11] Energy depletion has long been implicated in the pathogenesis of noise-induced hearing loss (NIHL), which is mediated primarily by the demise of outer hair cells (OHCs) in the cochlea. Decreased ATP levels within cochlear tissues have been detected in NIHL. 12, 13 Likewise, the ATP content of the organ of Corti decreases under ischemic conditions. 14 In response to ATP depletion, AMP-activated protein kinase (AMPK), a crucial cellular energy sensor, is activated via phosphorylation on the threonine 172 (T172) residue of its catalytic a-subunit, which has been suggested to result in necrotic OHC death. 15 In contrast, ATP-consuming processes are rapidly shut off by caspases in apoptosis, a process that has been well documented in noise-induced OHC death. 16 This mode of cell death results from a bio-energetic and metabolic catastrophe coupled to multiple active execution mechanisms. In classical extrinsic apoptotic signaling pathways, active caspase-8 is generated at the receptosome complex, resulting in direct activation of downstream pro-caspases. In this pathway, a serial process leads to caspase-9 activation. 17 Alternatively, endonuclease G (EndoG) can translocate to the nucleus, where it is capable of mediating large-scale DNA fragmentation independent of caspase activity. 18, 19 The activation of caspase-8, caspase-9, and EndoG translocation have all been documented in noise-induced OHC death.
In this study, we investigated both apoptotic and necrotic OHC death pathways, and their potential interactions in adult male CBA/J mice exposed to traumatic noise, with a particular focus on RIP kinases. Pharmacological cell death inhibitors pan-caspase inhibitor ZVAD and necrosis inhibitor necrostatin-1 (Nec-1) and RIP3 silencing techniques were used to assess the modulation of OHC death. Finally, the effectiveness of ZVAD and RIP3 siRNA (siRIP3), individually and in combination, in attenuating NIHL was evaluated. Our results provide insights into the molecular mechanisms modulating noise-induced necrosis and apoptosis in OHCs and identify potential therapeutic targets for prevention of NIHL.
Results
Noise induced both apoptotic and necrotic changes in nuclei of OHCs. We have previously shown that exposure of CBA/J mice to broadband noise (BBN) at 106 dB SPL resulted in permanent hearing loss and a base-to-apex gradient of sensory hair cell loss after 2 weeks, without damage to supporting cells and spiral ganglion cells. Under this noise condition, both apoptosis and necrosis of OHCs were evident in the lower basal turn of the cochlea 1 h after noise exposure, but not in the upper basal, middle, and apical turns. 15 Here we expanded on our previous observation and evaluated the extent of loss by conducting a more detailed assessment of morphological criteria in conjunction with propidium iodide (PI) uptake in the cochlear epithelia. No condensed or swollen OHC nuclei were observed in control mice that were not exposed to noise. One hour after noise exposure, some OHCs in the lower basal turn (4.5-5.5 mm from apex) of the cochleae displayed condensed apoptotic nuclei (Figure 1a Although the number of condensed OHC nuclei (40.4% ± 4.1) was not significantly different from swollen nuclei (34.3% ± 2.7; P ¼ 0.065), both were significantly greater than the number of missing nuclei (25.3% ± 2.8) 1 h after noise exposure (swollen versus missing: P ¼ 0.007; condensed versus missing: Po0.001). There were no missing, apoptotic, or necrotic OHCs in control mice that were not exposed to noise.
A pharmacological apoptosis inhibitor decreased noise-induced apoptotic OHC nuclei and increased necrotic nuclei, while a necrosis inhibitor had the opposite effect. The pharmacological regulators ZVAD, an irreversible inhibitor of the caspase family of proteases, and necrosis inhibitor Nec-1 were applied in an attempt to inhibit OHC death following noise exposure. First, the concentration of ZVAD and Nec-1 for local delivery to the mouse middle ear immediately after 106 dB SPL noise exposure was estimated by dose-toxicity studies in mouse organ of Corti explant cultures. The highest drug concentrations without damage to OHCs in culture (ZVAD: 100 mM or Nec-1: 300 mM) were then used in vivo. With ZVAD treatment, the percentage of noise-induced condensed OHC nuclei was significantly decreased in the lower basal turn (from 40.4% to 33.5%) 1 h after exposure (Figure 1b , t 10 ¼ 3.288, P ¼ 0.008), while the percentage of swollen nuclei significantly increased (from 34.3% to 44%) (Figure 1b, t 10 ¼ À 5.675, Po0.001). In contrast, Nec-1 treatment resulted in the opposite trend, a significant Figure 1 Noise-induced apoptotic and necrotic OHC death is modulated by inhibitors of apoptosis (ZVAD) and necrosis (Nec-1). (a) Representative images of OHC nuclei in the lower basal region of the cochlear epithelium. Control: normal OHC nuclei without prior exposure to noise. Noise: OHCs display both swollen and condensed nuclei following exposure to 106 dB SPL BBN. Noise þ ZVAD: an increase in the number of swollen OHC nuclei is observed in noise-exposed mice treated with ZVAD by local delivery. Noise þ Nec-1: an increase in condensed OHC nuclei appears in noise-exposed mice treated with Nec-1 by local delivery. Red: PI labeling of OHC nuclei; arrowheads: swollen necrotic nuclei; arrows: condensed apoptotic nuclei. All images are representative of five individual ears for each condition. Scale bar ¼ 10 mm. (b) Quantification of swollen or condensed OHC nuclei and missing OHCs in the lower basal turn of cochlear epithelium 1 h after noise exposure confirms a significant increase in the number of swollen nuclei and a decline in the number of condensed nuclei with local delivery of ZVAD, while administration of Nec-1 via local delivery causes the reverse effect. Data are presented as means þ S.D.; n ¼ 5 for each condition; *Po0.05, **Po0.001 increase in noise-induced condensed nuclei (from 40.4% to 54.4%) (Figure 1b, (Figure 1b) .
Noise-induced changes in RIP levels in OHCs were modulated by apoptosis and necrosis inhibitors. We first used western blotting to detect single bands at the correct molecular weights for both RIP1 and RIP3 from cochlear samples. Exposure to 106 dB SPL did not change the band density of RIP1 or RIP3 in total cochlear homogenates 1 h after exposure (data not shown). Next, the expression of RIP1 and RIP3 in OHCs was examined by immunolabelling surface preparations 1 h after noise exposure and control preparations. Immunofluorescence of both RIP1 and RIP3 in OHCs was stronger after noise treatment compared with control OHCs (Figures 2a and b , panel: Noise). Quantitative analysis revealed a significant increase in immunofluorescence, with a control-to-noise ratio of 1 : 1.7 for RIP1 (Figure 2a 0 , t 4 ¼ À 8.233, P ¼ 0.001) and 1 : 1.5 for RIP3 (Figure 2b 0 , t 4 ¼ À 8.217, P ¼ 0.001). In order to determine whether the changes in RIP1 and RIP3 expression occurred only under 106 dB SPL noise condition that induces permanent deficits, a group of mice was exposed to lower levels of BBN (92 dB SPL) resulting in only temporary threshold shifts (TTS). Under this condition, there was no increase in immunofluorescence of RIP1 or RIP3 in OHCs compared with control (data not shown).
As we observed that both necrosis inhibitor Nec-1 and apoptosis inhibitor ZVAD alter the number of necrotic OHCs, we assessed the effect of both compounds on RIP kinases. Treatment with ZVAD significantly enhanced noise-induced RIP1-and RIP3-associated immunofluorescence in OHCs Noise-induced enhancement of p-AMPKa in OHCs was modulated by RIP1. We previously reported that noise increases the levels of p-AMPKa in OHCs, indicating a transient ATP depletion that may contribute to noise-induced necrotic cell death. 15 We therefore analyzed the relationship between RIP3 and p-AMPKa. First, western blotting of cochlear homogenates resulted in a single anti-p-AMPK band for each sample, with no difference in band densities between control and noise-exposed groups (data not shown). However, the levels of p-AMPKa significantly increased in OHCs 1 h after noise exposure, in agreement with our previous studies ( Figure 3a RIP3 siRNA-inhibited noise-induced expression of RIP3 and p-AMPKa in OHCs resulting in decreased necrotic OHC death, but increased the number of apoptotic nuclei. First, local delivery of siRIP3 efficiently suppressed RIP3 expression in OHCs. A decrease in RIP3-associated immunofluorescence was seen in OHCs 72 h after siRIP3 delivery compared with scrambled-siRNA control (siControltreated ears without noise, Figure 4a ). Quantitative analysis of the ratio of RIP3 expression in siControl-treated OHCs to siRIP3-treated OHCs was 1 : 0.7 (Figure 4a 0 , siControl versus siRIP3: t 3 ¼ 6.631, P ¼ 0.007). Treatment with siRIP3 alone did not cause conductive hearing loss or sensory hair cell loss 72 h after the delivery (data not shown).
Next, pretreatment with siRIP3 significantly diminished the noise-induced increase in the levels of RIP3, while treatment with siControl had no effect (Figures 4b and b 0 , siControl plus noise versus siRIP3 plus noise: t 6 ¼ 4.373, P ¼ 0.005).
As the inhibition of RIPs by Nec-1 diminishes noise-induced AMPK activation in OHCs, we tested whether siRIP3 treatment also reduces noise-induced activation of AMPK. Immunofluorescence of p-AMPKa was weaker in noiseexposed OHCs treated with siRIP3 than in siControl preparations (Figure 4c ). Quantitative analysis of p-AMPKaassociated immunofluorescence confirmed the significant decrease with siRIP3 treatment (Figure 4c 0 , t 6 ¼ 3.800, P ¼ 0.009).
Furthermore, the downregulation of RIP3 by siRNA resulted in a significant reduction of noise-induced swollen OHC nuclei ( Figure 4d , t 8 ¼ 2.825, P ¼ 0.022) and a significant increase in condensed OHC nuclei 1 h after noise exposure (Figures 4d,
ZVAD, but not Nec-1 or siRIP3 treatment, inhibited noise-induced caspase-8 activation in OHCs. First, western blotting using total cochlear homogenates from control without noise and noise-exposed mice showed no difference in the band density of cleaved caspase-8 (CC8) (data not shown). However, noise treatment induced a significant increase in CC8 in OHCs on surface preparations Treatment with a combination of siRIP3 and ZVAD additively protected against NIHL and OHC death. We first examined the abilities of the caspase inhibitor ZVAD or siRIP3 to prevent NIHL. Two weeks after 98 dB SPL noise exposure, the auditory brainstem response (ABR) threshold shifts of controls without noise exposure, noise-only, noise plus DMSO (vehicle of ZVAD), and noise plus ZVAD treatment groups via intraperitoneal (IP) injection differed significantly at 8 kHz ( Tukey's multiple comparisons test showed that treatment with ZVAD significantly reduced NIHL at both 16 kHz (P ¼ 0.042) and 32 kHz (P ¼ 0.028), but not at 8 kHz (P ¼ 0.845) compared with noise-exposed mice not treated with ZVAD. Conversely, the delivery of siRIP3 alone did not reduce noise-induced threshold shifts at any of the measured frequencies by oneway ANOVA analysis (Figure 7b) . Importantly, the ABR threshold shifts of the three groups (noise plus DMSO with siControl, noise plus ZVAD with siControl, and noise plus ZVAD with siRIP3) were significantly different at both 16 (Figure 7c , P ¼ 0.01) and 32 kHz (Figure 7c , P ¼ 0.014) compared with treatment with ZVAD alone. Two-way ANOVA analysis showed no significant interaction between ZVAD and siRIP3 treatments at either 16 kHz (P ¼ 0.093) or 32 kHz (P ¼ 0.546).
Next, OHC loss was quantified along the entire length of the cochlear epithelium. There was a significant difference within the four groups of control without noise, noise-only, noise plus ZVAD with siControl, and noise plus ZVAD with siRIP3 treatment (Figure 7d , F 2,9 ¼ 21.157, Po0.001). Noise treatment induced a significantly higher amount of OHC loss compared with control mice (Po0.001). Treatment with ZVAD alone did not have a significant effect on noise-induced OHC loss. However, combined treatment of ZVAD plus siRIP3 significantly reduced noise-induced OHC losses compared with treatment with ZVAD (P ¼ 0.005). In addition, noiseinduced OHC losses started at 3.0 mm from the apex with a gradient of increased loss toward the base. At 5.5 mm from the apex, loss of OHCs was complete. With the combined treatment of ZVAD and siRIP3, loss of OHCs began closer to the base. The trend analysis showed a significant difference in cubic components (P ¼ 0.013).
Discussion
The salient findings of this study are that noise-induced death of OHCs occurs as a balance between apoptosis and necrosis, regulated by caspase-8 and RIP kinases. On one hand, the pan-caspase inhibitor ZVAD blocks noise-induced activation of caspase-8 and reduces apoptosis in OHCs, while stimulating an increase in levels of RIP1 and RIP3 to enhance OHC necrosis. On the other hand, treatment with either necrosis inhibitor Nec-1 or siRIP3 diminishes the expression of RIPs, blocks noise-induced enhancement of p-AMPK, a marker of cellular energy depletion, and reduces OHC necrosis, while increasing OHC apoptosis by activating caspase-9 and promoting EndoG translocation to the nuclei of OHCs. Consequently, treatment with ZVAD significantly reduces noise-induced threshold shifts, but combined treatment with siRIP3 provides additive protective effects on both hearing and hair cell loss. These results demonstrate molecular signals of necrotic OHC death and suggest that effective pharmacological protection against NIHL needs to address both apoptotic and necrotic OHC death pathways.
Apoptosis is a highly regulated process mediated by caspases and characterized by cellular shrinkage, chromatin condensation, and DNA degradation. In contrast, necrosis is characterized by cellular swelling, plasma membrane rupture, and the subsequent loss of intracellular contents. 25 Based on such morphological criteria, we demonstrate both apoptosis and necrosis in OHCs following traumatic noise exposure, supporting earlier reports in the literature. 15, 23 The fact that the increase in levels of RIP1 and RIP3 in OHCs is seen after exposure to traumatic noise but not after lower-level noise strongly suggests that cell death triggered by the noiseinduced stress involves RIP kinase family members, a notion in agreement with similar observations in ischemic injury, viral infection, and retinal detachment-induced photoreceptor necrosis. 4, 9, 26 The increase in the levels of p-AMPKa in OHCs induced by noise implies depletion of cellular ATP, in accordance with our earlier observations. 15 Such ATP depletion may cause cell death via either apoptosis or necrosis. 11, 27 In our case, silencing RIP3 or blocking RIP1 with Nec-1 treatment reduces noise-induced activation of AMPKa and also lowers OHC necrosis, suggesting that RIP-kinases are involved in initiating necrosis through a pathway that alters ADP/ATP exchange, leading to a lethal decline in intracellular ATP. [8] [9] [10] [11] As RIP1/ RIP3-dependent necrosis can be induced by engagement of death receptors such as TNFR-1 and TNF receptor superfamily member 6 (FasR) to form a death signaling complex with caspase-8, 5, 6 we may speculate that activation of RIP1/ RIP3 in OHCs by noise occurs through stimulation of death receptors. This idea is supported by evidence that TNFa is produced by OHCs, supporting cells, and fibrocytes in the spiral ligament following a variety of insults including noise exposure, excessive vibration, and treatment with cisplatin. [28] [29] [30] [31] [32] Apoptosis is also evident after noise exposure. Treatment with ZVAD blocks noise-induced activation of caspase-8 and reduces NIHL, supporting the involvement of CC8 in apoptotic OHC death. [20] [21] [22] [23] [24] However, necrotic and apoptotic pathways do not proceed independently but are reciprocally regulated.
In agreement with such a notion, our novel observation is that inhibition of caspase-8 by ZVAD increases the levels of RIP1 and RIP3 in OHCs. Such inhibition is essential for the activities of both RIP1 and RIP3 kinases 9, 33 and induce RIP1/RIP3-dependent necrosis, demonstrating that inhibition of apoptosis may lead to an increase in necrosis signaling molecules.
The fact that both Nec-1 treatment and RIP3 silencing reduces OHC death establishes that RIPs are crucial regulators of controlled OHC necrosis. Interestingly, although this treatment increases the number of apoptotic OHCs, it does not alter CC8 levels, suggesting that these necrosis regulators must modulate other apoptotic signaling pathways. Activation of caspase-9 and EndoG nuclear translocation are the likely targets for RIP3 regulation and the cause of increases in the number of apoptotic OHCs after treatment with siRIP3. This observation is in agreement with and expands upon earlier reports of noise-induced increases in cleaved caspase-9 (CC9) and EndoG translocation. 21, 23, 24, 34 A shift of cell death pathways is also a reasonable explanation for the failure of only silencing RIP3 to confer a protective effect against NIHL. Finally, the balance between apoptotic and necrotic signal transduction pathways in OHC death is strongly supported by the additive protection against NIHL and hair cell loss through the combined treatment of ZVAD and siRIP3.
In summary, our results demonstrate that noise may cause both an increase in RIP kinases and activation of caspase-8 ( Figure 8 ). The activation of caspase-8 leads to apoptotic hair cell death, whereas the increase in RIP1 and RIP3 aggravates cellular energy depletion and results in necrotic cell death. Importantly, a balance exists between apoptotic and necrotic pathways. Inhibition of CC8 blocks apoptotic cell death but stimulates an increase in RIP1 and RIP3, and OHC necrosis. In contrast, inhibition of RIP1 and RIP3 diminishes the expression of RIP1 and RIP3, but stimulates the activation of caspase-9 and increases EndoG translocation into the nuclei of OHCs, resulting in apoptotic cell death. As a consequence of this balance, the prevention of NIHL requires pharmacological combination treatment to address both apoptotic and necrotic pathways. Noise exposure. Four separate stainless steel wire cages (9 cm Â 9 cm Â 9 cm each) were located in a sound-exposure chamber. The sound-exposure chamber was fitted with a loudspeaker (model 2450H; JBL, Northridge, CA, USA) driven by a power amplifier (model XLS 202D; Crown Audio, New York, NY, USA) fed from a CD player (model CD-200; Tascam TEAC Professional, Tokyo, Japan). Audio CD sound files were created and equalized with audio editing software (Audition 3; Adobe System, Inc., San Jose, CA, USA). Sound levels were calibrated with a sound level meter (model 1200; Quest Technologies, Oconomovoc, WI, USA) at multiple locations within the chamber to ensure uniformity of the sound field among the four cages, and were measured before and after exposure to ensure stability.
In order to induce permanent threshold shifts (PTS), animals were exposed to BBN (2-20 kHz) for 2 h at 98 or 106 dB SPL. Exposure to 106 dB, which results in severe inner ear damage (losses of both OHCs and IHCs 2 weeks after noise exposure), was used for the experiments on cell death pathways; a less-severe insult by 98 dB (only loss of OHCs, but not IHCs 2 weeks after noise exposure) was chosen for the experiments on protection against NIHL (Figure 8 ) in order to allow for a more sensitive detection of potential protective effects. TTS were induced by lowering the exposure intensity to 92 dB SPL. Before mice were exposed in the sound chamber for induction of the TTS, the sound intensity of the environment surrounding the cages was 65 dB as measured with a sound level meter (model 1200; Quest Technologies). In general, four mice (one mouse per cage) were exposed at the same time. If compounds had to be delivered to the middle ear cavity immediately after exposure, only one mouse was placed into the chamber at a time. Control mice were kept in silence (without turning on the loudspeaker) within the same chamber and cages for 2 h.
Auditory brainstem response. Mice were anesthetized with an IP injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), and then placed in a sound-isolated and electrically shielded sound booth (Kahntact, Hillside, IL, USA). Body temperature was monitored and maintained near 37 1C with a heating pad. Acoustic stimuli were delivered monaurally to a Beyer earphone attached to a customized plastic speculum inserted into the ear canal. Sub-dermal electrodes were inserted at the vertex of the skull, under the left ear, and under the right ear (ground). ABRs were measured at 8, 16, and 32 kHz. Tucker Davis Technology System III hardware and SigGen/Biosig software (Alachua, FL, USA) were used to present the stimuli (15 ms duration tone bursts with 1 ms rise-fall time) and record the response. Up to 1024 responses were averaged for each stimulus level. Thresholds were determined for each frequency by reducing the intensity in 10 dB increments and then in 5 dB steps near threshold until no organized responses were detected. Thresholds were estimated between the lowest stimulus level where a response was observed and the highest level without response. All ABR measurements were conducted by the same experimenter. The ABR thresholds were assigned by an expert who was blinded to the treatment conditions.
Intratympanic delivery of siRNA. siRIP3 (Invitrogen, Carlsbad, CA, USA, s80754) or siControl (Invitrogen) was locally delivered through intratympanic application as previously described. 35 Briefly, after anesthesia, a retroauricular incision was made to approach the temporal bone. The otic bulla was identified ventral to the facial nerve and a shallow hole was made in the thin part of the otic bulla with a 30-G needle and enlarged with a dental drill to a diameter of 2 mm in order to visualize the round window. A customized sterile Micro Medical tube was inserted into the hole just above the round window to slowly deliver 10 ml (0.6 mg) of siRIP3 or siControl. After the siRNA delivery, the hole was covered with surrounding muscle and glued with tissue adhesive. Finally, the skin incision was closed with tissue adhesive and the mouse was kept in the surgical position for 1 h. Seventy-two hours after siRNA delivery, the animals were exposed to BBN or kept in silence in the noise chamber for 2 h. (R&D Systems, Minneapolis, MN, USA, FMK001) and Nec-1 (Sigma-Aldrich, St. Louis, MO, USA, n9037) were made in DMSO. Immediately before use, each stock solution was diluted in 0.9% saline. The final concentrations of ZVAD and Nec-1 were 100 mM and 300 mM, respectively, based on the highest concentration without hair cell damage in mouse explant cultures. These concentrations may not be the optimal concentration for the local delivery of ZVAD and Nec-1 to the middle ear of the adult mice. Surgical procedures as described above requiring B15 min were conducted immediately following noise exposure and the experimental solution was delivered to fill the otic bulla of the left ear fully. Control mice underwent the same surgical procedure with delivery of identical concentrations of vehicle solution, DMSO diluted in saline, also to the left ear. One hour after noise exposure, the animals were euthanized and the temporal bones were removed to dissect the cochlea for the immunofluorescence assay.
ZVAD IP administration for protection against NIHL. Only in the experiments investigating the protective effects of ZVAD was the treatment administrated via IP injection. ZVAD is an irreversible inhibitor of the caspase family proteases and is commonly used to block caspase-dependent apoptosis. ZVAD was dissolved in DMSO at a stock solution (10 mg/ml) and stored at À 20 1C. The stock solution of ZVAD was diluted immediately before being injected into animals. Each animal received a total of five IP injections of ZVAD at a dose of 1.5 mg/kg per injection based on the conditions reported from the literature. 36, 37 Three of the injections were given once per day at 1 day before, and 1 and 2 days after noise exposure. In addition, on the day of noise exposure, the animals received two injections: one immediately before and one after noise exposure. Control animals received the same volume (identical concentration) of DMSO vehicle solution at a concentration of 0.15 ml/kg on the same schedule.
Surface preparations and DAB staining of cochlear epithelia for sensory hair cell counts. The procedure of surface preparation and diaminobenzidine (DAB) staining of cochlear epithelia was followed as previously described. 15 Briefly, the temporal bones were removed immediately following euthanasia and perfused through the cochlear scala media with a solution of 4% paraformaldehyde in phosphate-buffered saline (PBS), pH 7.4, and kept in this fixative overnight at 4 1C. The cochleae were then rinsed in PBS. Before decalcification in a 4% solution of sodium EDTA (adjusted with HCl to pH 7.4), the apical otic capsule was removed from each cochlea. The EDTA solution was changed daily for 3 days and maintained at 4 1C. Following decalcification, the cochleae were placed into 3% hydrogen peroxide for 2.5 h to quench endogenous peroxidases. After incubation in a solution for blocking non-specific antibody binding overnight at 4 1C, the tissues were incubated with a primary antibody (rabbit polyclonal anti-myosin VII, Proteus Bioscience, Ramona, CA, USA, 25-6790) at a 1 : 100 dilution for 4 days at 4 1C on a Nutator mixer, washed in PBS, and then incubated overnight at 4 1C with secondary antibody (biotinylated goat anti-rabbit) at a 1 : 100 dilution. The specimens were rinsed again and then incubated in ABC solution (Vector Laboratories, Burlingame, CA, USA, PK-4001) overnight. Following another washing, the cochleae were incubated in DAB for 3 h, as necessary for sufficient staining intensity, followed by washing to stop the DAB reaction. Finally, the cochleae were micro-dissected under a microscope into apical, middle, and basal segments, and mounted on slides with Fluoromount-G mounting medium. Images were taken with Zeiss AxioCam MRc5 camera with Axioplan 2 imaging software (Carl Zeiss, Oberkochen, Germany), with a Zeiss microscope for hair cell counts. A sample size of five ears was used for each experimental group. Unless otherwise specified, all chemicals and reagents used were purchased from Sigma-Aldrich. Images from the apex through the base of the DAB-stained surface preparations were captured using the Â 40 magnification lens on the Zeiss microscope. The lengths of the cochlear epithelia were measured and recorded in millimeters. Both OHCs and IHCs were counted from the apex to the base along the entire length of the mouse cochlear epithelium. Percentages of hair cell loss in each 0.5 mm length of epithelium were plotted as a function of the cochlear length as a cytocochleogram. 15 Immunocytochemistry for cochlear surface preparations. Following decalcification with 4% EDTA, each cochlea for immunocytochemistry was dissected under a microscope by removing the softened otic capsule, stria vascularis, Reissner's membrane, and tectorial membrane. The remaining tissue, including the modiolus and cochlear sensory epithelium, was permeabilized in 3% Triton X-100 solution for 30 min at room temperature. The specimens were washed three times with PBS and blocked with 10% goat serum for 30 min at room temperature, followed by incubation with primary antibodies: monoclonal mouse anti-RIP1 at 1 : 50 (BD Biosciences, San Jose, CA, USA, 610458), polyclonal rabbit anti-RIP3 at 1 : 50 (Sigma-Aldrich prs2283), monoclonal rabbit anti-phospho-AMPKa (Thr172) at 1 : 50 (Cell Signaling Technology, Danvers, MA, USA, 2535), monoclonal rabbit anti-CC8 at 1 : 50 (Cell Signaling Technology 8592), polyclonal rabbit anti-CC9 (Cell Signaling Technology 9509), and polyclonal rabbit anti-EndoG at 1 : 50 (EMD Millipore Corporation, Billerica, MA, USA, AB3639) in darkness at 4 1C for 72 h. After washing three times, the tissues were incubated with the Alexa Fluor 594-or Alexa Fluor 350-conjugated secondary antibody at a concentration of 1 : 200 at 4 1C overnight in darkness. After washing, specimens then incubated with Alexa Fluor 488 phalloidin at a concentration of 1 : 100 at room temperature for 1 h in darkness. For detection of apoptotic and necrotic OHC nuclei, surface preparations were permeabilized in 3% Triton X-100 solution for 30 min at room temperature first, and then stained with PI at 1 mg/ml in PBS for 1 h at room temperature. After the final wash with PBS (10 min each), the tissue was dissected in PBS by removing the modiolus. The epithelia were divided into three segments (apex, middle, and base). Specimens were mounted on slides with Fluorogel with Tris Buffer (Electron Microscopy Sciences, Hatfield, PA, USA, 17985-10). Control incubations were routinely processed without primary antibody treatments. Immunolabeled images were taken using a Zeiss laser confocal microscope (Zeiss LSM 510).
Quantification of the immunofluorescence signals from surface preparations. Immunofluorescence of RIP1, RIP3, p-AMPKa, CC8, and CC9 on surface preparations was quantified from original confocal images, each taken with a Â 63 magnification lens under identical conditions and equal parameter settings for laser gains and PMT gains, using ImageJ software (National Institutes of Health, Bethesda, MD, USA) or Zen Zeiss software. 38 The cochleae from the different groups were fixed and stained simultaneously with identical solutions and processed in parallel. All of the surface preparations were counter-stained with Alexa Fluor 488 phalloidin (green) to label hair cell structure in order to identify the comparable parts of the hair cells in confocal images. The borders of each individual OHC were outlined based on the phalloidin staining. The immunofluorescence of the target proteins were measured in the upper-basal region of cochlear surface preparations in 0.12-mm segments, each containing about 60 OHCs. The intensity of the background fluorescence was subtracted and the average fluorescence per cell was then calculated. The relative fluorescence was quantified by normalizing the ratio of average fluorescence of noise-exposed hair cells to the average fluorescence of the unexposed hair cells from the same set of the experiment using identical solution and parallel handled.
In this manuscript, all cell death signaling molecules that we investigated showed no differences in OHCs of the apical and middle turns between the ears of control mice and those collected 1 h after BBN noise expose. The changes occurred only in the basal turn. As the lower basal turn was affected by the exposure with considerable losses of OHCs (Figure 1) , we only quantified the changes of immunofluorescence in OHCs in the upper basal turn where hair cells remained.
Identification of condensed or swollen OHC nuclei and missing OHCs. The morphological characteristics of apoptosis and necrosis have been extensively described. 39 As a DNA intercalating fluorescent probe, PI was used to trace the morphological nuclear changes to identify types of OHC death 1 h after PTS noise exposure similar as reported in the literature. 20 Surface preparations were first captured using a Â 40 magnification lens on the Zeiss microscope. The lengths of the cochlear epithelia were measured and recorded in millimeters. Next, confocal images taken with a Â 63 magnification lens on surface preparations of the lower basal turn (4.5-5.5 mm from apex) were used to count condensed OHC nuclei identified as apoptotic. Swollen nuclei that were larger than normal nuclei (diameter Z7 mm) were recognized as necrotic OHCs. Missing hair cells were identified in the areas without PI staining. The percentage of condensed nuclei, swollen nuclei, and missing OHCs were then calculated from total abnormal OHCs.
Quantification of EndoG-positive OHC nuclei. Surface preparations were obtained from animals 1 h after noise exposure. EndoG-positive and EndoGnegative OHC nuclei were counted on confocal images (at a Â 63 magnification) of the lower basal turn (4.5-5.5 mm from apex) in both siControl and siRIP3-treated mice. From these counts, the relative number of EndoG-positive OHC nuclei was calculated.
Quantification of co-localization of RIP1 and RIP3 immunofluorescence. Immunofluorescence of RIP1/RIP3 co-localization on surface preparations was quantified from original confocal images, each taken with a Â 63 magnification lens under identical conditions and equal parameter settings for laser gains and PMT gains, using Zeiss Zen software. 38 The cochleae from the different groups were fixed and stained simultaneously with identical solutions and counter-stained with phalloidin to label hair cell structure in order to identify the comparable parts of the hair cells in the confocal images. The overlap coefficients of RIP1/RIP3 fluorophores were measured per cell in the upper-basal region of cochlear surface preparations, each containing about 60 OHCs. The average overlap coefficient was then calculated per cell. Each condition was replicated in four different animals.
Extraction of total protein. Cochleae were rapidly removed and dissected in ice-cold PBS containing complete mini EDTA-free PI cocktail tablets (Roche Diagnostic GmbH, Mannheim, Germany, 11836170001) at pH 7.4. To extract total protein, tissues from the cochleae of one mouse were homogenized in ice-cold RIPA lysis buffer containing RIPA lysis buffer base (50 mM Tris-HCl, 1% IGEPAL, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM NaF) plus Phosphatase Inhibitor Cocktails II and III, and Roche protease inhibitor by using a glass/glass micro tissue grind pestle and vessel for 30 s. After 30 min on ice, tissue debris were removed by centrifugation at 10 000 Â g at 4 1C for 10 min and the supernatants were retained as the total protein fractions. Protein concentrations were determined using the Bio-Rad Protein Assay dye reagent (Bio-Rad, Hercules, CA, USA) with bovine serum albumin as a protein standard. Two cochleae from the same mouse were pooled for each sample. Unless otherwise specified, all chemicals and reagents used were purchased from Sigma-Aldrich.
Western blot analysis. Protein samples (50 mg) were separated by SDS-PAGE. After electrophoresis, the proteins were transferred onto a nitrocellulose membrane (Pierce, Rockford, IL, USA) and blocked with 5% non-fat dry milk in Figure 8 Summary of the molecular cell death pathways in sensory hair cells after traumatic noise exposure. Noise causes both an increase in RIP1 and RIP3 and activation of caspase-8. The activation of caspase-8 leads to apoptotic hair cell death. Inhibition of CC8 by ZVAD blocks apoptotic cell death but stimulates an increase in RIP1 and RIP3. The increase in RIP1 and RIP3 enhances p-AMPK in hair cells and results in necrotic cell death. Inhibition of RIP1 and RIP3 by Nec-1 or siRIP3 diminishes the expression of RIP1 and RIP3, but stimulates activation of caspase-9 and increases EndoG translocation to the OHC nuclei, resulting in apoptotic cell death. Combination treatment of ZVAD and siRIP3 provides synergetic prevention of NIHL and hair cell loss PBS-0.1% Tween 20 (PBS-T). The membranes were incubated with anti-RIP1 (1 : 1000), anti-RIP3 (1 : 1000), anti-p-AMPKa (1 : 1000), anti-CC8 (1 : 800), anti-CC9 (1 : 1000) or anti-GAPDH (Millipore ABS16, 1 : 10 000) at 4 1C overnight, and then washed three times (10 min each) with PBS-T buffer. Membranes were incubated with an appropriate secondary antibody at a concentration of 1 : 2500 for 1 h. Following extensive washing of the membrane, the immunoreactive bands were visualized by SuperSignal West Dura Extended Duration Substrate or Pierce ECL Western Blotting Substrate (Thermo Scientific, Waltham, MA, USA).
X-ray films of western blotting were scanned and analyzed using ImageJ software. The band densities were first normalized to background. Next, the probing protein/GAPDH ratio was calculated from the band densities run on the same gel. Finally, the difference in the ratio of the control and experimental bands was tested for statistical significance.
Mouse organotypic culture preparations. Organ culture explants were prepared as reported previously. 34 Briefly, cochlear epithelia were isolated from postnatal day 3 (p3) mice. After 48 h of incubation to allow for recovery from dissection stress, the explants received fresh medium with individual compounds of ZVAD, Nec-1, or DMSO vehicle. After 24 h of incubation, explants were fixed with 4% paraformaldehyde overnight at 4 1C and then permeabilized for 30 min with 3% Triton X-100 in PBS at room temperature. The specimens were washed three times with PBS and incubated with Alexa Fluor 488 phalloidin (1 : 200) at room temperature for 30 min. After several rinses in PBS, the specimens were mounted on a slide with Fluorogel with Tris Buffer. The phalloidin-stained stereociliary bundles and circumferential F-actin rings on the cuticular plate outlining individual hair cells were viewed on a Zeiss fluorescence microscope.
Statistical analysis. Data were analyzed using IBM SPSS Statistics Premium V21 (IBM SPSS, Armonk, NY, USA) and GraphPad software for Windows (GraphPad, La Jolla, CA, USA). Statistical methods used included oneway analysis of variance (ANOVA), two-way ANOVA, repeated-measures ANOVA, Tukey's multiple comparisons, unpaired t-tests, and one-sample t-tests. All tests were two-tailed and a P-valueo0.05 was considered statistically significant.
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